The objective of the present study was to compare P792, a new rapid clearance blood pool agent characterized by negligible interstitial diffusion but unrestricted glomerular filtration, with Gd-DOTA in both qualitative and quantitative aspects of renal functional magnetic resonance imaging. Materials and Methods: Dynamic imaging was performed with a fast T1-weighted gradient-echo sequence on a 1.5-T magnet in 25 Sprague-Dawley rats, after injection of 13 mol Gd/kg-1 of P792 (n ϭ 10), 100 (n ϭ 10), or 50 mol Gd/kg-1 of Gd-DOTA (n ϭ 5). Signal-time curves from 6 regions of interest (ROIs), including renal parenchyma and contents, were analyzed. Results: Qualitative analysis depicted a typical pattern of temporal enhancement as previously described with extracellular gadolinium chelates, including early and brief enhancement of the aorta, renal vessels and cortex, quickly followed by enhancement of the medulla and then renal pelvis. However, a decrease in signal intensity was noted in the inner medulla and the renal pelvis approximately 90 seconds after bolus injection, being more marked when using the full dose of Gd-DOTA. Curve analysis showed a similar vascular phase within each parenchymal ROI, confirmed by similar upslopes, which ranged from 0.015 Ϯ 0.007 to 0.019 Ϯ 0.005. Following this initial phase, T1-enhancement appeared greater and longer within the medulla and renal pelvis, and subsequently in the whole kidney ROI with P792 (time to maximal enhancement (sec)/ enhancement rate: 85.5 Ϯ 15.9/3.1 Ϯ 0.4) as compared with Gd-DOTA full (53.0 Ϯ 18.9/ 2.7 Ϯ 0.3) or half dosage (65.2 Ϯ 20.1/ 2.2 Ϯ 0.2). The subsequent decrease in signal intensity, characterized by a downslope during the minute following maximal enhancement, was faster with Gd-DOTA (0.006 Ϯ 0.002) as compared either to P792 or half dosage Gd-DOTA (0.003 Ϯ 0.001). Conclusions: Due to its physicochemical and pharmacokinetic properties, P792 allows the use of a reduced dosage of gadolinium, resulting in less T2* effect without compromising T1 enhancement. Thus, P792 appears suitable for renal functional MR imaging.
N uclear medicine techniques are the reference imaging method for quantification of most functional parameters in the kidney. However, these techniques have been recently challenged by magnetic resonance (MR) imaging that combines high temporal resolution with high spatial resolution without radiation exposure. [1] [2] [3] Furthermore, MR imaging has been shown to noninvasively facilitate both precise morphology and valuable information about the renal physiology. 1, 2, 4, 5 The multiple functional parameters assessable by MR imaging include glomerular filtration, renal transit time, renal blood volume, renal blood flow, intrarenal diffusion of water, and intrarenal oxygenation. Calculation of these parameters requires static measurements of endogenous water or dynamic measurements using exogenous agents such as gadolinium (Gd) chelates or iron compounds. 2, 3, 6, 7 Clinical available Gd chelates are freely filtered through glomerulus without tubular secretion or reabsorption and thus may be administered to obtain information about the renal clearance of blood. 8, 9 From a theoretical point of view, T1-weighted dynamic contrast-enhanced (DCE) imaging takes advantages over T2-weighted images by providing a better image quality and a higher signal-to-noise ratio due to the use of the inherently shorter echo times in T1-weighted images. Previous DCE studies have often been performed with the assumption that the signal intensity (SI) is linearly related to the concentration of contrast agent, allowing conversion of the SI into absolute concentration using an in vitro calibration process. 9 -12 However, as opposed to nuclear medicine and CT techniques, [13] [14] [15] [16] where radioactive activity and measured attenuation, respectively, are proportional to the tissue tracer, or the contrast agent, concentration, MR imaging suffers by its complicated T1, T2, and T2* dependency concurrently influencing the acquired SI of the tissue. This complexity explains the substantial differences in the dynamic relative SI pattern observed in studies using a large range of dosages of Gd-DOTA or Gd-DTPA (0.013-0.5 mmol Gd/kg Ϫ1 ). 8, 12, 17, 18 Administration of a large dosage of Gd-DOTA implies a considerably decrease of the transversal relaxation time (T2), and the relative SI may therefore become reduced. On the other hand, administration of a low dosage of Gd-DOTA to prevent this side effect increases T1 and subsequently decreases the enhancement on T1-weighted images.
Compartmental models of Gd chelates often include an extravascular component, subsequently involving a complex mathematical kinetic description. Thus, intravascularly confined agents are favored for measurement of hemodynamic parameters like organ blood flow, since the kinetic models of these agents conveniently exclude the extravascular space. 19 The experimental paramagnetic contrast agent P792 (Guerbet, Aulnay-sous-Bois, France) is a new rapid-clearance blood-pool agent, synthesized by a peptidic-type coupling onto a tetracarboxylic substrate derived from Gd-DOTA 20 and, importantly, keeps an unrestricted glomerular filtration despite its high molecular weight and large size giving a negligible interstitial diffusion. 21 This compound has recently been evaluated for MR angiographic purposes, [22] [23] [24] assessment of myocardial perfusion and viability, 25 and helped differentiating neoplastic and healthy tissue. 26, 27 Nevertheless, the potential use of P792 for measurements of renal function has not yet been investigated.
The objective of the present study was therefore to compare P792 with the clinical available compound Gd-DOTA in both qualitative and semiquantitative aspects of renal contrast-enhanced MR imaging.
MATERIALS AND METHODS

Animals
Experiments were carried out with 25 Sprague-Dawley male rats (Janvier Rearing, Le-Genest-St-Isle, France), body weight ranging from 234 to 306 g. Prior to experimental procedures, animals had free access to standard rat chow and tap water. Animal care and handling were in compliance with local ethical guidelines and the European Union directive 86/609/EEC. 28 Each animal was anesthetized by an intramuscular injection of ketamine (Virbac Inc, Carros, France) with a dosage of 200 mg/kg Ϫ1 . A 24-gauge catheter (Ethicon Inc, Arlington, TX) was inserted in the tail vein for injection of contrast agent. Saline (NaCl 0.9%) was filled in the catheter to prevent short-term coagulation.
Contrast Agents
The major characteristics of the 2 used agents are presented in Table 1 .
Gd-DOTA (Dotarem, 500 mmol Gd/L Ϫ1 ; Guerbet) is a low-molecular-weight (0.56 kDa) nonspecific agent having unrestricted interstitial diffusion, resulting in a large volume of distribution. The large plasma clearance of Gd-DOTA implies a relatively short blood half-life. 20, 29 P792 (Vistarem, 35 mmol Gd/L
Ϫ1
; Guerbet) is a macromolecular Gd-DOTA derivative, which is substituted by 4 very large hydrophilic arms. It is characterized by a high molecular weight (6.47 kDa) and a quite large particle size of about 5 nm, resulting in a negligible interstitial diffusion without compromising the glomerular filtration. 21, 24, 29 In fact, the P792 plasma clearance is almost similar to that of Gd-DOTA in spite of the reduced volume of distribution. Therefore, P792 is considered to be a rapid-clearance blood-pool agent. High r1 and r2 relaxivities of P792 may likely be related to an appropriate electronic relaxation due to its molecular structure and the relative large molecular weight. The r1 relaxivity of P792 is approximately 8 times larger than the r1 relaxivity of Gd-DOTA, and theoretically, this allows reduction of the dosage by the same factor to obtain a similar T1 enhancement. Thus, one group of rats received P792 at a dosage of 13 mol Gd/ kg Ϫ1 , which was previously used in animal studies. 21, 22, 25 
Magnetic Resonance Study
MR images were obtained using a 1.5-T/60-cm superconductive magnet system equipped with a 33 mT/m gradient system (GE Medical Systems, Milwaukee, WI).
The animal was positioned supine in the magnet and placed on a hot water pad to maintain body temperature. A 2-element radio-frequency coil (diameter of 7.5 cm) was used for data reception. A T2-weighted fast recovery fast spin echo sequence (TR/TE ϭ 2800 ms/88.3 ms, 256 ϫ 256 matrix, 11-cm field of view (FOV), 9 slices, 2 mm of slice thickness, 10 averages) was initially conducted in the coronal view for morphologic description. Next, a dynamic study was performed using a fast spoiled gradient echo (FSPGR) sequence (TR/TE/flip angle ϭ 7.7 ms/2.2 ms/90°, 20.8-kHz bandwidth, 256 ϫ 96 matrix, 13-cm FOV, 3.0 mm of slice thickness, 4 averages), resulting in a 3-second temporal resolution and a voxel of 0.51 ϫ 1.35 ϫ 3 mm 3 . The large flip angle was used for enhanced T1 sensitivity. 30 The number of consecutive acquisitions was limited to 91 in our MR system, corresponding to a total acquisition time of 273 seconds. Dynamic data were acquired in the coronal view to image the kidney in the longitudinal axis, including aorta, renal parenchyma, calyces, and pelvis. Bolus injection of the contrast agent, flushed by 0.5 mL of saline, was carried out immediately after the 10th acquisition.
The rats were divided into 3 groups, respectively receiving (1) a standard dosage of 100 mol Gd/kg Ϫ1 , representing 0.20 mL/kg Ϫ1 , of Gd-DOTA (n ϭ 10); (2) a halfstandard dosage of 50 mol Gd/kg Ϫ1 , representing 0.10 mL/ kg Ϫ1 , of Gd-DOTA (n ϭ 5); and (3) a dosage of 13 mol Gd/ kg Ϫ1 of P792, representing 0.37 mL/kg Ϫ1 (n ϭ 10).
Phantom Study
The relationship between flip angle and T1, T2, and T2* effects were investigated in vitro using the FSPGR sequence with the same parameters as in the in vivo study. Eighteen tubes were filled with increasing concentration of Gd-DOTA and P792, ranging from 2.5 to 100 mmol Gd/L Ϫ1 (9 tubes) and from 0.175 to 17.5 mmol Gd/L Ϫ1 (9 tubes), respectively. Imaging was performed with different flip angles (10°-90°). . Data were obtained with the same pulse sequence parameters as the dynamical studies of rat kidneys. The contrast-agent concentration (c) and the signal intensity (SI) is related though a biphasic relationship, with the first part demonstrating a linear relationship due to T1 effect and the second part demonstrating a negative slope due to T2 effect.
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Data Analysis
All data were evaluated off-line using dedicated postprocessing software. For the animal study, both qualitative visual analysis and SI measurements were performed. Qualitative evaluation of enhancement in cortex, medulla, and cavities was performed concomitantly by 2 senior radiologists in a consensus way, including measurement of maximum breath-related movement of kidneys, quality of images and enhancement (low/fair/good), and evaluation of the apparition of a low signal in inner medulla and cavities (none/ mild/marked).
Quantitative analysis was processed using homemade software developed with Matlab (Mathworks Inc, Natick, MA). First, manual registration was performed throughout each series to compensate for respiratory motions. Following this, postprocessing was done in the following steps: (1) 6 regions of interest (ROIs) were placed manually within aorta, cortex, outer medulla, inner medulla, pelvis, and around the whole kidney, as delineated on T2-weighted images, and automatically pasted on all images of the series; (2) mean SI values were recorded for each ROI and signal-time curves were derived; (3) for each curve, the baseline time point located just prior to contrast arrival was determined as t 0 ; (4) SI values were normalized by S(t) ϭ SI(t)/SI 0 , where SI 0 represents the average SI before t 0 ; (5) for the aorta, time points were determined, as illustrated in Figure 1 , as the time to maximum enhancement (ta me ) and corresponding relative enhancement S(ta me ), respectively; (6) for the kidney (Fig. 1) , time points were determined as the time to vascular peak (tk vp ), the peak-trough time following the vascular phase (tk b ), and the time to the maximum enhancement (tk me ), with the corresponding relative SI respectively denoted as S(tk vp ), S(tk b ), and S(tk me ); and (7) the upslope between tk b and tk me and the area under the curve during this interval A(tk b Ϫ tk me ) were calculated when applicable (outer and inner medulla and renal pelvis), and the down slope during the minute following tk me was calculated for the whole kidney ROI.
Statistical Analysis
All values were expressed as mean Ϯ SD. Statistical comparison between different groups was evaluated using a two-way analysis of variance, using Statview (SAS Institute Inc, Cary, NC). P Ͻ 0.05 was considered statistically significant.
RESULTS
Phantom Study
The relationship between signal and concentration is shown in Figure 2 for different flip angles. Acquisition with large flip angles resulted in a higher enhancement level and a more linear relationship between concentration and SI at low concentrations as compared with small flip angles. A relatively linear relationship was observed only at low contrastagent concentrations (0 -10 mmol Gd/L Ϫ1 for Gd-DOTA, and 0 -2 mmol Gd/L Ϫ1 for P792). Maximum SI was observed at 25 mmol Gd/L Ϫ1 with Gd-DOTA and at 3.5 mmol Gd/L Ϫ1 with P792.
Animal Magnetic Resonance Study
In all animals, T2-weighted images clearly revealed the different compartments of the kidneys, identified as 3 concentric stripes that correlated with pathology (Fig. 3) . Thanks to these images, drawing of regions of interest within the parenchyma was facilitated.
In 88% of all rat studies (22/25), a well-defined shape of the aorta was found, and in the remaining cases, bolus arrival was well observed in the inferior vena cava. In all animals, at least 1 of the kidneys was adequately presented in its long axis. The quality of the enhanced signal-time pattern 
FIGURE 4.
Representative images taken from a dynamic study before (A) and at 3 seconds (B), 30 seconds (C), 66 seconds (D), 174 seconds (E), and 222 seconds (F) after injection of 100 mol Gd/kg Ϫ1 of Gd-DOTA, showing the bolus arrival in aorta and renal cortex, followed by a progressive enhancement of kidney, especially in medulla, with a late signal drop in pelvis (white arrowheads in Fig. 4F ).
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Rapid-Clearance Blood-Pool Agent was considered to be fair in 3 cases and good in the remaining 22. The breathing-related movement of the kidneys was found to be less than 1 mm for 80% (20/25) and was always easily corrected for by manual registration. Changes in SI of aorta and kidneys following injection of respectively 100 mol Gd/kg Ϫ1 of Gd-DOTA and 13 mol Gd/kg Ϫ1 of P792 are shown in Figures 4 and 5 . For both agents, marked changes of SI were observed in the aorta within 3 seconds after bolus injection, followed by appearance of contrast agent in the renal vessels and cortex. Subsequently, signal enhancement appeared in the outer medulla, later in the inner medulla, and finally in the renal pelvis. Approximately 90 seconds after injection, a drop of signal was observed in the inner medulla and the cavities, however, being more frequent and marked in animals receiving a dosage of 100 mol Gd/kg Ϫ1 of Gd-DOTA as compared with the signal changes observed in animals having a dosage of 50 mol Gd/kg Ϫ1 of Gd-DOTA or injection of 13 mol Gd/ kg Ϫ1 of P792 (Table 2 ). Image quality appeared better with P792 than with Gd-DOTA whatever the dosage, particularly in renal calices and pelvis.
The ROIs drawn in each case involved at least 25 pixels. Specifically, ROIs in the cortex contained 71 Ϯ 20 pixels, in the outer medulla 68 Ϯ 15 pixels, in the inner medulla 53 Ϯ 15 pixels and in the cavities 46 Ϯ 13 pixels. Obviously, the whole kidney regions of interest were much larger and contained 580 Ϯ 74 pixels.
The dynamic SI patterns within the cortex, the outer medulla, the inner medulla, and the entire parenchyma are demonstrated in Figure 6 for all 3 groups, showing a typical shape characterized as follows. (1) For each region of interest, values of tk vp were comparable for the 3 groups, except in the inner medulla. S(tk vp ) appeared larger with Gd-DOTA at a dosage of 100 mol Gd/kg Ϫ1 , but these might be difficult to analyze because of undersampling of that phase (Tables 3  and 4) . (2) The SI of the parenchymal uptake phase differed between Gd-DOTA groups and P792 group (Tables 5-8) . First, an early progressive cortical SI decrease was observed in response to Gd-DOTA, whereas SI increased progressively with P792 until a maximum. Second, both tk me and S(tk me ) were larger in outer and inner medulla with P792 as compared with those derived in response to Gd-DOTA. Accordingly, A(tk b Ϫ tk me ) was observed to be significantly larger for P792 data compared with those found from Gd-DOTA. However, values of upslope derived between the time points (tk b , S(tk b )) and (tk me , S(tk me )) were similar for both contrast media and all dosages. (3) During the delayed excretory phase, the slope of SI using the full dosage of Gd-DOTA exhibited an initial decrease and was larger (0.006 Ϯ 0.002) than the slopes derived from P792 (0.003 Ϯ 0.001) or from the half-dosage of Gd-DOTA (0.003 Ϯ 0.001).
DISCUSSION
This study evaluated the dynamic change of SI in the kidney in response to administration of the intravascularly confined paramagnetic compound P792. The main result was that, compared with a standard dosage of Gd-DOTA, administration of P792 generated a comparable dynamic SI curve but a reproducible uptake phase responsible for a greater and a significantly prolonged enhancement using a dynamic T1-weighted sequence. In addition, the dynamic SI time curves in response to P792 and Gd-DOTA differed mostly in the outer and inner medullary segments.
Optimization of the MR Acquisition Protocol
Functional MR imaging studies in animal kidneys have primarily been performed at high magnetic field strengths. 9, 11, 16 Thus, working at a magnet field of 1.5 T makes a compromise between signal-to-noise ratio and temporal resolution. This implies the use of a short repetition time and a large flip angle of 90°. 10, 30 Our phantom study confirmed that large flip angles resulted in the highest SI and in the most linear relation between SI and concentration of Gd with a FSPGR sequence. Although 4 averages per image were collected, the resulting acquisition time of 3 seconds was shorter than those used in animal studies performed at higher magnet field strengths.
9 -11 A 3 seconds temporal resolution is generally considered adequate for evaluation of the glomerular uptake phase, but it is, however, insufficient to determine the vascular peak accurately, especially in animals with a high heart rate, 31 hindering calculation of renal blood flow.
Functional Analysis and Role of Gd-DOTA Concentration
The time-intensity curves obtained for the entire kidney using a full dosage of Gd-DOTA were comparable to results previously published. 6, 30 The dynamic changes of SI between cortex to pelvis 9, 11 have not been reproduced in clinical studies. These findings should likely be explained by the large ROI used in daily clinical analyses, encompassing both the cortex and the medulla. 12, 32 Approximately 70 to 90 seconds after administration of a full dosage of Gd-DOTA, we observed a significant decrease of SI within inner medulla and renal pelvis, which was also noted on time-intensity curves. This SI decrease was markedly lower after administration of a half-standard dosage of Gd-DOTA, confirming the dependency of SI on administered Gd-DOTA dosage. 9 This phenomenon is presumably related to the contributed T2 FIGURE 6. Time-intensity curves: (A) aorta, (B) cortex, (C) outer medulla, (D) inner medulla, (E) pelvis, and (F) whole kidney. Time (seconds) is on the x-axis and the relative signal intensity (S(t) ϭ SI(t)/SI(0)) on the y-axis. The black line represents P792 (n ϭ 10), the dark-gray line represents Gd-DOTA (n ϭ 10), and the light-gray line represents half dosage of Gd-DOTA (n ϭ 5).
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and T2* effects found at levels of contrast-agent concentration above a given threshold, as previously reported 6 and supported by the results of our phantom study (25 mmol Gd/ L Ϫ1 for Gd-DOTA and 3.5 mmol Gd/L Ϫ1 for P792). Moreover, with use of P792, a plateau was observed after reaching the maximal enhancement with P792, which may be explained by the ambiguous T1, T2, and T2* weighting, as seen in Figure 2 .
Clinical MR imaging-DCE studies of kidneys have been mainly carried out with a dosage of 0.05 to 0.1 mmol/kg of Gd-DTPA or Gd-DOTA. 6, [33] [34] [35] [36] [37] In those studies, an assumption was made that the relationship between SI and the tissue concentration of the contrast agent was unaffected by changes of T2 and T2*, allowing conversion of arbitrary SI curves into quantitative units using the inverse relationship between T1 and concentration of contrast agent. 1, 9, 11, 30 As the concentration of Gd chelates is difficult to determine within tubules, some authors have suggested to administer diuretics to increase the urine flow and to decrease the concentration of contrast agents in the renal segments. 12 Other have proposed the use of low dosages of Gd-DTPA to decrease the risk of T2 effects and to maintain a sufficient level of enhancement to achieve functional analysis. 8 On the other hand, extrapolation of in vivo relaxivity levels from phantom studies is not straightforward. It is known that, in phantom studies, T2* effects are small due to the large tube volume as compared with the voxel volume. 38 In vivo, water exchanges along the nephron are reported to be responsible for changes in the specific relaxivity of the contrast agent, suggesting that the relationship between signal and concentration changes throughout the kidney.
9,11,39
Rapid-Clearance Blood-Pool Agents
It has recently been demonstrated that albumin-targeted blood-pool agents can provide quantitative perfusion estimates potentially attractive for evaluation of renal artery stenosis, 40 but these paramagnetic agents are not filtered by the glomeruli and cannot be used for functional studies in the kidney.
The agent used in this study (P792) is a monodisperse monogadolinated macromolecular compound that has demonstrated to improve coronary imaging and to allow differentiation between neoplastic and healthy tissues or detection [22] [23] [24] [25] [26] Furthermore, P792 has a high filtration rate in the same order as Gd-DTPA and Gd-DOTA, which makes it suitable for evaluation of the glomerular filtration of blood. The large tk me observed on the SI time curves, associated with the large SI increase and the small washout slope, especially within medullary compartments, was corresponded to an anticipated low T2* effect with P792 as compared with Gd-DOTA. It is known that the T2* influence on SI is dependent upon the concentration of Gd but is independent of the molecular configuration of the contrast agent. 41 The small volume of distribution for P792 in relation to the low interstitial diffusion (from intra-to extravascular compartments), because of high molecular weight and large particle size, could also be responsible for the large increase of SI. However, this may play a minor role as compared with the contribution induced by the T2* effect since we observed that the difference of SI between P792 and Gd-DOTA increased gradually from the cortex to the inner medulla, emphasizing the role of water reabsorption and urine concentration in the medulla.
CONCLUSION
In conclusion, the present study demonstrated that, compared with Gd-DOTA administered at full standard or half-standard dosages, administration of a low dosage of the rapid-clearance blood-pool agent P792 allowed a larger and prolonged increase of SI in the kidney using a T1-weighted sequence, presumably related to a reduced volume of distribution and decreased T2* effects as compared with Gd-DOTA.
This negligible interstitial diffusion of P792, associated with an unrestricted glomerular filtration without tubular secretion or reabsorption, makes this compound particularly interesting for functional studies. The quantitative models of renal handling of contrast agents can therefore be simplified. Associated with lower T2* effects on SI time curves, P792 may demonstrate to be superior to regular Gd chelates for that purpose. 
